Aminoacylation of transfer RNAs establishes the rules of the genetic code. The reactions are catalyzed by an ancient group of 20 enzymes (one for each amino acid) known as aminoacyl tRNA synthetases (AARSs). Surprisingly, the etiology of specific diseasesincluding cancer, neuronal pathologies, autoimmune disorders, and disrupted metabolic conditions-is connected to specific aminoacyl tRNA synthetases. These connections include heritable mutations in the genes for tRNA synthetases that are causally linked to disease, with both dominant and recessive disease-causing mutations being annotated. Because some disease-causing mutations do not affect aminoacylation activity or apparent enzyme stability, the mutations are believed to affect functions that are distinct from aminoacylation. Examples include enzymes that are secreted as procytokines that, after activation, operate in pathways connected to the immune system or angiogenesis. In addition, within cells, synthetases form multiprotein complexes with each other or with other regulatory factors and in that way control diverse signaling pathways. Although much has been uncovered in recent years, many novel functions, disease connections, and interpathway connections of tRNA synthetases have yet to be worked out.
minoacyl tRNA synthetases catalyze the ligation of amino acids to their cognate tRNAs. Their catalytic activities determine the genetic code and for that reason, they are essential for protein synthesis and cell viability. The basic reaction is:
AA ϩ ATP ϩ tRNA 3 AA-tRNA ϩ AMP ϩ PP i Because the reactions require the capacity to recognize tRNAs as well as small chemicals such as amino acids and ATP, the structures of AARSs are well equipped for interacting with diverse molecules that may be associated with their functional versatility. Thus, the catalytic activities for glycyl-, lysyl-, and tryptophanyl-tRNA synthetase have been adapted to synthesize diadenosine polyphosphates (Ap n A), which are believed to regulate glucose metabolism (1, 2) , cell proliferation, and death (3) . Similarly, the tRNA recognition capacity of bacterial threonyl-and human glutamylprolyl-tRNA synthetases has been adapted for regulating translation by interacting with the 5Ј (4) and 3Ј UTR regions (5) of gene-specific transcripts.
In higher eukaryotes, AARSs form macromolecular complexes via multivalent protein-protein interactions (6, 7) . Fig. 1 depicts a single cell with many of the connections made by tRNA synthetases with each other and with other cell signaling molecules in the cytoplasm (light blue) and nucleus (white). Single letter abbreviations are used for each synthetase, such as R for arginyl-tRNA synthetase, and L for leucyl-tRNA synthetase. As shown, some of the synthetases are tightly bound together in a large multisynthetase complex, with three tRNA-synthetase associated proteins at the core. These are known as aminoacyl tRNA synthetase-interacting multifunctional protein (AIMP) 1, 2, and 3, and are simply designated as 1, 2, and 3. Two of the enzymes in the complex are covalently fused together (glutamyl-prolyl-tRNA synthetase) and are designated as EP in Fig. 1 . Thus, at least nine synthetases and three synthetase-associated proteins are bound together. It is not known whether other synthetases are more loosely bound with the complex, and therefore not detected as bound (with existing methods), or whether they are not associated whatsoever.
Although these eukaryotic AARSs appear to get together to improve aminoacylation efficiency by ''channeling'' substrates to the ribosome (8) , their propensity to form complexes appears to be related in part to the eukaryotic cell's need for a reservoir of regulatory factors that are based on the alternative functions of these enzymes (9) . The complex-forming AARSs are involved in the regulation of transcription, translation, and various signaling pathways as summarized in Fig. 1 (7, 10) . Eukaryotic AARSs contain unique extensions and domains, which endow them with functional diversity through the interactions with various cellular partners (6, 11) . The expanded functions of tRNA synthetases are not simply correlated with their being tightly associated with the complex. For example, tryptophanyl (WRS)-and tyrosyl (YRS)-tRNA synthetases are well characterized procytokines (12-17), but are not generally associated with the complex. On the other hand, the unusual EP fusion protein is associated with the multisynthetase complex and is released when cells are stimulated by ␥-IFN (the EP fusion enzyme then acts to regulate translation of mRNAs associated with the inflammatory response) (5). In general, any specific synthetase may have more than one subcellular locationincluding being bound to the multisynthetase complex, free in the cytosol, in the nucleus, and mobilized for exocytosis (12, 18, 19) . Considering the functional versatility of these enzymes, their expanded functions and expression may be pathologically associated with various human diseases. Here we describe specific cases in which AARSs are implicated in human disease.
AARSs in Neuronal Diseases
Charcot-Marie-Tooth (CMT) Disease Caused by Heritable Mutations in GRS and YRS.
CMT disease provides a clear example of heritable mutations in genes for tRNA synthetases being causally associated with a specific pathological condition. CMT disease has a frequency of Ϸ1 in 2,500, which makes it the most common heritable disorder of the peripheral nervous system. CMT disease is induced by axonal demyelination (type I) or decreased amplitudes of evoked motor and sensory nerve responses (type II), with no demyelination (20) . Patients with CMT disease display muscular weakness and atrophy in the distal extremities, stoppage gait, high arched foot (pes cavus), absent or diminished deep-tendon reflexes, and impaired sensation.
The genes coding for glycyl-tRNA synthetase (GRS) and YRS are among the different genetic loci causally linked to the disease (21, 22) . The diseasecausing mutations are dominant and the mutant proteins have been shown in specific instances to be fully active for aminoacylation (23) . At least 11 distinct mutant alleles in the human population have been reported for GRS. These mutations cause CMT2D, a subtype of the disease characterized by a slowly progressing neuropathy affecting mostly the distal extremities.
A mouse model developed by Seburn et al. encodes a mutant GRS that is fully active for aminoacylation (24) . The mutant mice have the CMT2D phenotype of reduced nerve conduction velocities, a loss of axons with large diameters, and have no defects in myelination. Consistent with a deficit of aminoacylation function per se not being the cause of CMT, a mouse harboring a loss-offunction (aminoacylation) allele created by a gene trap insertion was normal.
The x-ray crystallographic structures of the homodimeric human YRS (25) and GRS (26) proteins and a diseasecausing G526 mutant allele of GRS have been solved (27) . Placing 11 diseasecausing mutations onto the structure of human GRS showed them within a band encompassing both sides of the dimer interface (23) . Strikingly, two CMTcausing mutations are complementary partners of a ''kissing'' contact across the dimer interface. Thus, mutation of either of these two residues causes CMT. Further analyses showed that most mutations affect dimer formation (i.e. either enhance or weaken it). A subset of seven mutant proteins and the wild-type protein were expressed in transfected neuroblastoma cells that sprout primitive neurites. Whereas the wild-type protein distributed into the nascent neurites and was associated with normal sprouting, all mutant proteins were distribution-defective. Thus, the CMT-causing mutations of GRS have a common defect that may be connected in some way to a change in the surfaces at the dimer interface (23) .
Significantly, YRS is located prominently at axonal termini of differentiating primary motor neurons (22) . CMTassociated missense or deletion mutations of YRS were transported to termini of differentiating neuronal cells and induced axonal degeneration. These results are consistent with both GRS and YRS having a specific role in the development or homeostasis (or both) of the peripheral nervous system. This role appears to be in addition to its function in protein synthesis.
Editing-Defective tRNA Synthetase Causally
Associated with Ataxia in the Mouse. A subset of synthetases sometimes catalyze the linkage of noncognate amino acids to tRNAs by mistake. For enzymes that make occasional errors, they have a second active site that clears the mischarged tRNA (28) (29) (30) (31) ). An example is alanyl-tRNA synthetase ARS, which deacylates Ser-tRNA Ala and GlytRNA Ala . If these mischarged tRNAs are not cleared, then the wrong amino acid is inserted at the codons for alanine. Even a small amount of mischarging that is not corrected can, in principle, lead to the synthesis of proteins with errors that cause local or global misfolding. Over time, mistranslation leads to the gradual accumulation of these misfolded proteins (32) (33) (34) . The sti/sti mouse harbors a mutation in the editing domain of ARS, which results in a approximately two-fold decrease in the activity to clear Ser-tRNA Ala (35) . The aminoacylation activity of the mutant enzyme is normal. Despite the small reduction in editing activity, the sti/sti mouse shows a marked loss of Purkinje cells in the cerebellum, and develops severe ataxia. Significantly, intracellular unfolded proteins accumulate in neurons, accompanied by up-regulation of cytoplasmic protein chaperones and induction of the unfolded protein response.
Unlike the dominant CMT-causing mutations in GRS and YRS, the sti mu- (10) . Among the components of the complex, EPRS is activated by IFN-␥ and dissociates from the complex to form a new complex named GAIT (IFN-gamma-activated inhibitor of translation) that binds to the 3ЈUTR of the ceruloplasmin transcript for translational silencing (5) . KRS is secreted to induce the inflammatory process (18) , and QRS binds to apoptosis signal-regulating kinase 1 (ASK1) to regulate apoptosis in a glutamine-dependent manner (89) . MRS is translocated to nucleoli to stimulate rRNA synthesis on growth stimuli (90) . Among the nonenzyme factors, AIMP2 is translocated to the nucleus to suppress c-Myc via ubiquitin-dependent degradation of far upstream element binding protein (FBP) (64), whereas AIMP3 is mobilized by DNA damage (66) or an oncogenic stimulus (67) to activate p53 via ATM/ATR. AIMP1 is secreted as an extracellular multifunctional ligand active in inflammation (91) (92) (93) , angiogenesis (61, 62) , wound healing (94, 95) , and glucose metabolism (83) , and it influences the autoimmune response via its association with gp96 (78) . AIMP1 also down-regulates the signal mediated by TGF-␤ through the stabilization of SMAD specific E3 ubiquitin protein ligase 2 (Smurf2) (96) . KRS-generated Ap 4A releases microphthalmia-associated transcription factor (MITF) and upstream stimulatory factor (USF2) from their bound complexes for transcriptional control of target genes (97) . KRS is packaged into the HIV virion via its interaction with the gag protein (98) . Among noncomplex forming AARSs, WRS (tryptophanyl-tRNA synthetase) is secreted and its N-terminal truncation results in the formation of an active angiostatic cytokine that works via VE-cadherin (13, 14, 25, 99 -102) . The active fragment of WRS also inhibits the response of endothelial cells to shear stress (100) . YRS (tyrosyl-tRNA synthetase) is also secreted and cleaved into two distinct cytokines that work in angiogenesis as well as in the immune response (14, 15, 25, 103) . tation in the gene for ARS is recessive. Most likely, stronger editing-defective mutations would be lethal and possibly dominant. On this point, it is worth noting that a dominant phenotype (apoptosis-like response) was observed when a stronger editing-defective mutation (in the case of VRS) was introduced into mammalian cells. In this instance, the unfolded protein response was also triggered (36) .
Possible Connection of KRS to Amyotrophic
Lateral Sclerosis. In some patients, a mutation in Cu/Zn superoxide dismutase 1 (SOD1) is causally associated with amyotrophic lateral sclerosis 1 (ALS1) (37) (38) (39) (40) (41) . Interestingly, lysyl-tRNA synthetase (KRS) associates with mutant but not wild-type SOD1 (42) . The SOD1 mutation enhances oligomerization of SOD1 to form aggregates with other proteins, which induces apoptosis of motor neurons, thus leading to the onset of neurodegeneration that is the hallmark of ALS. Whether the oligomerization or aggregation of SOD1 with KRS contributes to the inhibition of the normal activity of KRS is not known. If so, then the neuronal degeneration seen in patients with a SOD1 mutation might be caused or enhanced by a defect in protein synthesis.
Mutations in Mitochondrial DRS Associated
with Leukoencephalopathy. Specific mutations in the gene for mitochondrial aspartyl-tRNA synthetase (DRS) cause leukoencephalopathy, which has brainstem and spinal cord involvement and lactate elevation (LBSL) (43) . LBSL is diagnosed by a characteristic constellation of abnormalities that can be observed by magnetic resonance imaging and spectroscopy. The disease is caused by autosomal recessive mutations that induce progressive cerebella ataxia. Most of the disease-causing mitochondrial DRS mutations are located within exons three and five. These mutations can alter normal splicing and lead to frame shifts, premature termination of translation, or exon skipping. Although mutant mitochondrial DRSs have reduced aminoacylation activity, the mitochondrial complex, critical for electron transport, is not affected. Thus, development of LBSL appears to be caused by a defect in mitochondrial DRS that is related to subtle effects on metabolic events within mitochondria.
Possible Connection of AIMP2 to Parkinson's
Disease. The aminoacyl-tRNA synthetase-interacting factor, AIMP2 (also known as p38), was shown to be the substrate of Parkin, an E3 ubiquitinprotein ligase (44, 45) . Parkin promotes ubiquitination and proteasome degradation of specific protein substrates. The control of expression of Parkin substrates through ubiquitination and degradation is critical for dopaminergic cell survival (45) . Loss of Parkin function by mutation results in the accumulation of abnormal or toxic proteins, leading to Parkinson's disease (PD). In Parkin null mice, AIMP2 is overexpressed in the ventral midbrain/hindbrain and overexpression of AIMP2 induces apoptosis in neuronal cells and the formation of aggresome-like inclusions (45) . These observations raise the possibility of a pathological connection of AIMP2 to neurodegenerative disease. (46) . This abnormal regulation could be partly because of differences in the quantity and quality of cellular protein synthesis in tumors. The aminoacylation activity of methionyl-tRNA synthetase (MRS), which is required for translation initiation, is increased in human colon cancer (47) . Coincidently, the 3Ј untranslated region (UTR) of MRS contains a 56 base pair complementary sequence to that of the 3Ј UTR of C/EBP homologous protein (CHOP) that is critically connected to the onset of specific tumors (48) (49) (50) (51) . Thus, the transcripts for MRS and CHOP have at least the potential to associate via 56 base pairs. Whether this complementary relationship has any connection to the etiology of cancer is still to be determined. (52, 53) . As another example, the promoter region of mitochondrial isoleucyl-tRNA synthetase (IRS), encoded by nuclear DNA, was mutated to modify its expression in hereditary nonpolyposis colorectal cancer (HNPCC) and Turcot syndrome (54) . Because expression of glutamyl-prolyl-tRNA synthetase (EPRS) and IRS is controlled by the c-myc proto-oncogene (55), abnormal expression of EPRS and IRS under oncogenic conditions is not surprising. Preferential expression of the ␣-subunit of phenylalanyl-tRNA synthetase (FRS) was observed in lung solid tumors and acute phase chronic myeloid leukemia (56, 57) . GRS up-regulation was also reported in papillary thyroid carcinoma (PTC) (58, 59) , and KRS is overexpressed in breast cancer (18) . It would be interesting to see whether cancerspecific overexpression of these enzymes is also observed in other cancers. Whereas YRS and tryptophanyl-tRNA synthetase (WRS) directly regulate angiogenesis as pro-and antiangiogenic cytokines (Fig. 1) , EPRS negatively regulates this process via translational suppression of vascular endothelial growth factor-A (VEGF-A) (60) . Because angiogenesis is associated with cancer development, the unique roles of these enzymes in the control of angiogenesis may have some implications in tumorigenesis.
AARSs in Cancer
Possible Role for MRS. Several components of the translation apparatus show abnormal up-or down-regulation in hepatomas, colon cancer, Burkett's lymphoma, prostate adenocarcinoma, breast cancer, sarcoma, colorectal adenocarcinoma and pituitary adenoma
Involvement of Aminoacyl-tRNA Synthetase-
Interacting Factors. Three AARSinteracting factors associated with the multisynthetase complex (AIMPs) have each been linked to signaling pathways relevant to cancers. For example, AIMP1/p43 enhances phosphorylation of Jun N-terminal kinase (JNK) and sequentially induces activation of caspase 3 to stimulate apoptosis of endothelial cells that are linked to tumor angiogenesis (61) . As expected, systemic administration of AIMP1 suppresses cancer progression (62) . AIMP2/p38 is essential for the stability of the multisynthetase complex (63) . Interestingly, transforming growth factor-␤ (TGF-␤) induces nuclear localization of AIMP2, where it binds to FUSE-binding protein (FBP), which is the transcriptional activator of the c-myc proto-oncogene (64) . AIMP2 enhances ubiquitin-dependent degradation of FBP, which results in down-regulation of c-Myc. Consistent with this observation, genetic depletion of mouse AIMP2 resulted in overexpression of c-Myc and caused neonatal lethality for the hyperplasia of lung epithelial cells. Because members of the Myc family of proteins are overexpressed in the majority of cancers, and TGF-␤ is a critical tumor suppressive signal, the role of AIMP2 in linking c-Myc to TGF-␤ implies its potential role as a tumor suppressor.
AIMP3/p18 harbors the glutathione S-transferase (GST) homology domain and associates with MRS within the multisynthetase complex (65) . AIMP3 is activated by DNA damage (66) and oncogenic stresses (67) , and translocates to the nucleus to interact with ataxiatelangiectasia mutated (ATM) and ataxia-telangiectasia and Rad-3 related (ATR) kinases, thereby leading to the activation of p53. Based on these activi-ties, AIMP3 was thought to be a novel haploinsufficient tumor suppressor. Homozygous depletion of AIMP3 caused embryonic lethality in the mouse, whereas mice with a single allelic loss of AIMP3 developed breast adenocarcinoma, a sarcoma of unknown origin, adenocarcinoma in seminal vesicles, hepatocarcinoma, and lymphoma (66) . A few mutations of AIMP3 that affect its interaction with ATM and ability to activate p53 have been found in human chronic myeloid leukemia patients (68) , further supporting its relationship to the initiation or progression of human leukemia.
AARSs in Autoimmune Diseases
Autoantibodies Directed Against a Subset of Synthetases in Autoimmune Disorders.
Autoantibodies against different AARSs including histidyl-tRNA synthetase (HRS), threonyl-tRNA synthetase (TRS), ARS, IRS, FRS, GRS and asparaginyl-tRNA synthetase (NRS) have been found in Ϸ30% of all autoimmune patients (69, 70) . The ''antisynthetase syndrome'' includes, among others, idiopathic inflammatory myopathies (IIM), interstitial lung diseases (ILD), rheumatoid and erosive arthritis, and Reynaud's phenomenon. IIM is a group of systemic diseases characterized by chronic muscle inflammation and can be classified into three distinct clinicopathologic subgroups -polymyositis (PM), dermatomyositis (DM) and inclusion body myositis (IBM). Both PM and DM patients slowly develop proximal and often symmetrical muscle weakness over weeks to months. The frequent disease types correlated with anti-synthetase antibodies are PM and DM. HRS (Jo-1) is the most frequently targeted autoantigen in PM. Anti-HRS autoantibodies are produced in 15 to 25% of all patients with PM. The patients identified with anti-NRS antibodies have ILD (71) .
Rationale for Autoantibodies Directed
Against AARSs. The reason why AARSs are targeted as autoantigens is not understood. Because there is a general similarity in conformation between certain tRNA synthetases, common structural motifs are speculated as important for autoantibody generation. In that connection, AARSs can be divided into two classes-class I and class II-based on their characteristic motifs and conformational architecture. Except for IRS, most autoantigenic AARSs belong to class II. However, the epitope of HRS for autoantibody generation in most patients is found at the N-terminus of the protein (72), spanning Ϸ60 amino acids that make up a coiled-coil structure. An N-terminal deletion mutant is not recognized by the HRS autoantibodies that are found in patients (72) . It is worth noting that the peptides that are homologous to this antigenic N-terminal peptide of HRS are also present in the N-terminal extension of EPRS and GRS, which are other autoantigenic AARSs. The N-terminal extension is not part of the structure that is conserved and shared by all class II enzymes. This coiled-coil structure is commonly found in Ϸ40% of autoantigens associated with a variety of autoimmune diseases, including non-tRNA synthetase autoantigens. For example, autoantibodies directed against NRS recognize a similar coiled-coil structure.
Many autoantigens redistribute to and cluster on the surface of cells undergoing apoptosis (73) . Because autoantigens are commonly generated by apoptotic proteases (during apoptosis) to generate antigenic fragments (74, 75) , the native synthetases are not likely to be the autoantigen responsible for the autoimmune response. Recent studies suggest that most autoantigens targeted in systemic autoimmune diseases are substrates of granzyme B, a serine protease that is involved in the induction of apoptosis during lymphocyte cytotoxicity (76) . IRS, HRS and ARS are efficiently cleaved by granzyme B, releasing the fragments that contain the epitopes for the autoantibodies. Interestingly, HRS and NRS induce migration of CD4 ϩ and CD8 ϩ T cells, monocytes, and immature dendritic cells (iDC) via the CCR5 and CCR3 receptors, respectively (77) . iDCs express these receptors on their surface, and infiltrate muscle tissue in patients burdened with myositis. Thus, AARSs might be cleaved by granzyme B to generate autoantigenic fragments with chemokine activity. Uptake and presentation of antigenic fragments by antigen presenting cells (APCs) initiates the primary immune response against the selfantigen. Self-reactive CD8 ϩ T cells might further generate additional fragments, thereby amplifying both chemoattraction and immune responses.
AIMP1/p43 Involvement in the Autoimmune
Response. AIMP1 is also implicated in the control of the autoimmune response. A portion of the protein is located in the endoplasmic reticulum (ER) where it can hold the ER-resident chaperone gp96, which belongs to the hsp90 family (78) . Surface translocation or extracellular release of gp96 induces activation or maturation of dendritic cells (DCs) via its interaction with CD91 and Toll-like receptor 2/4 of DCs. Thus, chronic surface presentation of gp96 could result in abnormal activation of DCs, leading to a lupus-like autoimmune condition (79) .
Aberrant surface presentation of gp96 hyperactivates DCs that then secrete TNF-␣, IL-1␤, and IL-12, resulting in systemic immune activation (78) . Because AIMP1 prevents surface presentation of gp96, genetic depletion of AIMP1 in antigen-presenting cells such as splenocytes, fibroblasts, and macrophages enhances surface localization of gp96, thereby leading to the phenotypes that are similar to the chronic surface presentation of gp96 (78) . In summary, AIMP1 may act as a regulator for the ER retention of gp96 and provide a regulatory mechanism for immune responses.
Potential Connections of AARSs with Diabetes
Mitochondrial leucyl-tRNA synthetase (Mito-LRS), like all mitochondrial tRNA synthetases in humans, is encoded by the nuclear genome. In diabetes, both hyperglycemia and hyperinsulinemia stimulate accumulation of mitochondrial tRNA mutations by inducing oxidative stress. In addition, a single nucleotide polymorphism of mito-LRS leading to an amino acid substitution (H324Q) was found in patients afflicted with type 2 diabetes mellitus (80) . Because H324Q mito-LRS has normal aminoacylation and editing activities, the causal relationship between the mito-LRS H324Q mutation and type 2 diabetes is not yet understood. Likewise, mutations in mitochondrial tRNAs, the substrates of AARSs, appear to have a causal relationship to multiple diseases including diabetes (81, 82) .
In another vein, AIMP1 works as regulator of glucose homeostasis (83) . Genetic depletion of AIMP1 in the mouse leads to hypoglycemic phenotypes. Yet to be determined is whether this pathological phenotype can also be applied to humans.
Implications and Perspectives
The tRNA synthetases arose early in evolution, being essential for establishing the genetic code that relates nucleotide triplets to specific amino acids. In an RNA world, the aminoacylation reaction is thought to have been catalyzed by ribozymes. Because the aminoacyl linkage is higher in energy than the peptide bond, the production of aminoacyl RNAs provided a straightforward path to peptides (for example, the side-byside docking of two aminoacyl tRNAs leads to spontaneous peptide bond formation) (84, 85) . The present-day genetic code proved so robust that it overwhelmed all other alternatives, and over the eons, gave birth to the tree of life with its three great kingdomsarchae, bacteria, and eukarya. The two classes of tRNA synthetases are present at the root, or base, of this tree and are intimately tied to the historical development of the universal code.
Perhaps because of their presence from the beginning, the synthetases have always been available for adaptation and recruitment to emerging cell signaling pathways. Insertions of new motifs, the carving out of novel fragments by alternative splicing or proteolysis, and posttranslational modifications were all possible and provided a way to link translation to cell signaling pathways and biological networks. Viewed from this perspective, the synthetases may have been among the earliest cytokines and cell signaling molecules. Later developments, such as the formation of the multisynthetase complex in eukaryotes, gathered together many of the tRNA synthetase cytokines in an organized way that, among other features, enabled them to be mobilized by specific cues (such as IFN-␥ stimulation) for their expanded functions.
In the future, the major advances in understanding how synthetases are linked to cell signaling pathways will come from elucidation of the many interacting protein partners of tRNA synthetases. Annotation of these interacting partners, and the structural elucidation of the motifs needed for these interactions, will provide some of the most fundamental understanding of how synthetases became so tightly connected with a vast array of cell signaling pathways. These investigations will undoubtedly lead back to the catalytic site itself, and the pockets and determinants for binding the amino acid ligand, ATP, and tRNA. Adaptations of these pockets and determinants for protein-protein and protein-nucleic acid interactions conceptually provide at least one route to expanding the world of the synthetases. These enzymes also have attachments and insertions of peptides that are capable of interacting with diverse partners. These additional domains might have paved another way for functional diversification. Initially, as proteins present in every cell type, they constantly were exposed to many other cellular components with which they had serendipitous and ''nonphysiological'' contacts. These contacts, over time, could have engendered new activities that eventually became highly specific and even essential for cell growth and development.
The diverse connections of AARSs with various human diseases make them attractive as targets for the development of therapeutics (Fig. 2) . Two of the synthetases-WRS and EPRS-have been studied in detail for their alternative functions in cell signaling pathways but have not yet been linked to a specific disease. Regardless of such disease connections, however, therapeutics based on the potent cytokine fragments of the synthetases like WRS are of great interest. In addition, because the enzymes are essential, their active sites in pathogenic microorganisms are obvious targets for antiinfectives (86, 87) . Here, specificity for the pathogen synthetase is possible because of the variations in the evolution of the active site residues, so that a drug targeted to the pathogen does not cross-bind to the human counterpart. Many of the synthetases have a second active site designed for clearing errors of aminoacylation. This site offers yet another target for antiinfectives. Interestingly, a novel antifungal traps tRNA Leu in the editing site of yeast cytoplasmic LRS (88) . As a consequence, tRNA
Leu cannot be aminoacylated. Thus, as therapeutic agents in and of themselves, and as targets for drugs, the tRNA synthetases will yield many opportunities for disease intervention. (60) . A mutation of mitochondrial LRS is associated with type 2 diabetes, even though the mutation does not affect its catalytic activity. Reduced activity of mitochondrial DRS is associated with leukoencephalopathy and lactate elevation. Mutations in mitochondrial tRNA Lys (104, 105) , tRNA Leu (106) , and tRNA Ser (107) were shown to be associated with diabetes. AIMP1 works as hormone for glucose homeostasis.
